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Abstract
River flow is a major driver of morphological structure and community dynamics in riverine-floodplain ecosystems.
Flow influences in-stream communities through changes in water velocity, depth, temperature, turbidity and nutrient
fluxes, and perturbations in the organisation of lower trophic levels are cascaded through the food web, resulting in
shifts in food availability for consumer species. River birds are sensitive to spatial and phenological mismatches with
aquatic prey following flow disturbances; however, the role of flow as a determinant of riparian ecological structure
remains poorly known. This knowledge is crucial to help to predict if, and how, riparian communities will be influenced
by climate-induced changes in river flow characterised by more extreme high (i.e. flood) and/or low (i.e. drought) flow
events. Here, we combine national-scale datasets of river bird surveys and river flow archives to understand how
hydrological disturbance has affected the distribution of riparian species at higher trophic levels. Data were analysed
for 71 river locations using a Generalized Additive Model framework and a model averaging procedure. Species had
complex but biologically interpretable associations with hydrological indices, with species’ responses consistent with
their ecology, indicating that hydrological-disturbance has implications for higher trophic levels in riparian food webs.
Our quantitative analysis of river flow-bird relationships demonstrates the potential vulnerability of riparian species to
the impacts of changing flow variability and represents an important contribution in helping to understand how bird
communities might respond to a climate change-induced increase in the intensity of floods and droughts. Moreover,
the success in relating parameters of river flow variability to species’ distributions highlights the need to include river
flow data in climate change impact models of species’ distributions.
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Introduction
The physical and ecological structures of riverine-floodplain
ecosystems are controlled by variability in river flows[1,2]. River
flow influences in-stream ecological communities through
changes in factors such as velocity, depth, water temperature,
turbidity, channel stability and nutrient fluxes[1,2]. River flows
interconnect in-channel, riparian and floodplain zone habitats to
create an ecologically dynamic system[2] whereby flooding
(inundation) has consequences on invertebrate communities
and creates greater diversity and variability in functional
traits[3,4]. The ability of invertebrates to tolerate high levels of
inundation-driven pressure is determined by their resilience
(i.e. ability to recover) and resistance to flow-induced
disturbances[5], and by their ability to utilise habitat patches as
refugia during high flows[6]. Disturbance in the organisation of
lower trophic levels (e.g. primary producers such as
phytoplankton) are conveyed through the food web and can
result in reduced food availability to consumer species[7–9].
Climate change poses a severe threat to freshwater
biodiversity as river flows are coupled closely to atmospheric
drivers; thus, climate change will lead to the intensification of
key processes in the global water cycle such as precipitation,
runoff and evaporation, and shifts in drought and flood
events[10,11]. Moreover, observations and models indicate
that hydroclimatological variability is outside of ‘natural’ ranges
already and consistent with anthropogenically-enhanced global
warming[12]. More extreme and/or more frequent high and low
flows will threaten aquatic communities by removing vulnerable
taxa, and can result in a significant increase in the proportion of
small-sized species[13] and a reconfiguration of biomass fluxes
and food web structure[7]. Whilst this can lead to greater
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extinction for some predators, others may benefit from short-
term increases in r-selected focal prey species that are able to
exploit disturbance [7].
Although much less is known about riparian compared with
in-stream dynamics, a few studies have shown that flow
disturbances affect riparian invertebrate species’ assemblages
and determine species’ interactions between trophic levels in
food webs (e.g.14–16). As for in-stream environments, we
hypothesise that riparian communities are influenced by river
flows sensitive to climate change. However, our understanding
of how variability in the river flow regime (e.g. flow magnitude,
high and low flow variability, timing, frequency) shapes riparian
species’ distribution and ecological structure is limited,
particularly at higher trophic levels (e.g. tertiary consumers
such as birds). Therefore, quantification of the relationships
between river flow variability and riparian ecology is an urgent
and important research challenge in the context of unravelling
and projecting the impacts of climate change-induced flow
alteration.
River birds represent an excellent focal taxon because river
flow is a key predictor of patterns of species’ occurrence[17].
These species are often at the top of food chains and so are
sensitive to disturbance at lower trophic levels including spatial
and temporal mismatches in the availability of their prey[18,19],
and pulses in flow may determine the timing of foraging[20] and
breeding[21] behaviours. Regulation of river flows may
influence the abundance[22], breeding success and
survival[23] of river birds through modification of aquatic insect
emergence and consequent prey availability[24]. Moreover,
seasonal fluctuations in invertebrate prey fluxes from aquatic to
terrestrial habitats subsidise the diets of river birds[25],
resulting in dramatic shifts in aquatic prey use and foraging
behaviour according to species-specific foraging tactics[26].
This may include a shift in species’ seasonal distributions
whereby species move upland to take advantage of the post-
breeding increase in terrestrial prey production relative to
lowland aquatic production[22,25]. However, previous
investigations of river flow-avian relationships are spatially and
temporally constrained, with most focusing on a single
watershed after a specific flood event. The influence of low
flows (i.e. drought) on river birds is also not well researched
(but see[27]).
Here, we use data from a long-term bird monitoring scheme
and river flow archives to investigate the relationship between
avian species’ occurrence and river flow regime attributes
across Great Britain. We selected a priori hydrological shifts
which are consistent with those anticipated under climate
change[12] to investigate the hypotheses that the probability of
bird species’ occurrence is reduced for rivers characterised by
greater hydrological fluctuations, including:
1 larger variability around high and low flows;
2 higher frequency of extreme flow events;
3 higher flow variability during species’ breeding seasons;
4 extreme high or low flow magnitude.
We discuss how species’ responses to these key attributes
of river flow are mediated by life-history traits that influence
their distribution in river-floodplain ecosystems.
Presence/absence data for 17 river bird species were
extracted from the British Trust for Ornithology’s (BTO’s)
Waterways Breeding Birds Survey (WBBS) for 71 river
locations, which captured a wide range of the hydrological
variability across Great Britain (Figure 1). Bird data were paired
with mean daily river flows from the UK National River Flow
Archive (NRFA). The relationships between river bird
occurrence and river hydrology were characterised using
parameters that each quantified one of five hydrological facets:
magnitude, frequency, high flow variability, low flow variability
and timing (Table 1), within a Generalized Additive Model
(GAM) framework. The relative importance of each hydrological
parameter was assessed using an information-theoretic model
averaging approach[28].
Results
All 17 focal bird species had a strong association with at
least one of the five hydrological indices with selection
probabilities (Sps) well above that of the null predictor interval
(Table 2). Model performance was assessed using the area
under the curve (AUC) of a receiver operating characteristic
(ROC) plot (an indicator of the goodness-of-fit of the model that
is independent of the threshold probability at which the
presence of the target organism is accepted) and Cohen’s
Kappa (K) (measures the level of agreement between
observed occurrences and absences with those predicted by
the model after accounting for chance effects). According to
AUC, nine species’ model sets had ‘high accuracy’ (i.e. AUCs >
0.9) and seven were ‘useful’ (i.e. 0.7 < AUCs ≤ 0.9)[29] (Table
2). According to K, the strength of agreement between model
predicted values (values set as: absences < 0.5 < presences)
and observed response values varied from ‘almost perfect’
(0.81 < Ks ≤ 1) (common sandpiper [Actitis hypoleucos],
Eurasian oystercatcher [Haematopus ostralegus], white-
throated dipper [Cinclus cinclus]) to ‘slight’ (0 < Ks ≤ 0.2) (grey
heron [Ardea cinerea], western yellow wagtail [Motacilla flava])
[30]. Species’ models broadly support hypotheses 1-4, but with
important and clear differences in hydrological associations
observed between species (Figures 2 and 3) that were
consistent with their respective life-history traits.
Species associated with upland environments (e.g. common
merganser [Mergus merganser], common sandpiper, grey
wagtail [Motacilla cinerea], white-throated dipper) displayed
positive and quadratic relationships with Three Day Maximum,
which suggests their probability of occurrence (P(x)) increases
with higher flows. For these same upland species, quadratic
associations were observed with High Flow Frequency,
indicating increased P(x) under more high flow disturbance
(Figure 2). Ten species had either positive or negative
associations with Three Day Minimum; species that forage
typically within aquatic macrophytes (e.g. common moorhen
[Gallinula chloropus], Eurasian coot [Fulica atra], grey heron
and mute swan [Cygnus olor]) preferred stability around low
flows (Figure 2), whereas some species that forage
predominantly at terrestrial river margins (e.g. Eurasian
oystercatcher, northern lapwing [Vanellus vanellus]) benefited
from increased low flow variability. White-throated dipper,
Avian Responses to River Hydrology
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Figure 1.  Distribution map of the 71 WBBS locations.  Legend: Shaded areas on the map are indicative of the hydrological
regions within which each survey site is located. Hydrological regions were determined on the basis of flow regime shape (based on
timing of major runoff peaks) and flow regime magnitude (based on the mean, maximum, minimum, and standard deviation of
average monthly flows[54]).
doi: 10.1371/journal.pone.0083221.g001
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which typically feeds in the river channel, also favoured
increased low flow variability which may indicate a propensity
for this species to forage opportunistically outside breeding
territories when marginal habitats are exposed.
Flow timing was an important predictor of occurrence for nine
species. In particular, April Flow Variation was the most
important predictor of occurrence for the three diving species
(i.e. common merganser, great cormorant [Phalacrocorax
carbo], great crested grebe [Podiceps cristatus]) and the two
bank-nesting species (i.e. common kingfisher [Alcedo atthis],
sand martin [Riparia riparia], Figure 2). Interpretation of
species’ relationships with this parameter, however, is
somewhat hindered by a lack of data at higher discharges,
which is reflected by the larger confidence intervals around the
smoothed line in Figure 2. Species displayed largely negative
associations with Mean Daily Flow, although both common
reed bunting (Emberiza schoeniclus) and grey wagtail had
positive associations.
Discussion
This study has demonstrated that the occurrence of river
birds is influenced strongly by elements of river flow variability.
By quantifying the different facets of flow regime, we have
shown that species’ distributions are characterised by complex
responses to: (i) variability around extremes of high and low
flows, (ii) flow frequency, (iii) the timing of flow events, and (iv)
flow magnitude. It is well established that river flows and
hydrological variability influence the distribution and trajectories
of the life history of aquatic and, to a lesser extent, riparian
invertebrates; however, this quantitative study provides
evidence of the influence of river flows on species’ distributions
extending beyond lower trophic levels to tertiary consumers at
the top of aquatic/riparian food webs. Fluctuations in flow
conditions may impact these species more heavily primarily by
(a) causing disturbances in aquatic food webs, which decrease
prey abundance or shift prey composition, and (b) temporarily
altering the availability of foraging and breeding habitats.
Altered river flow regimes may impact riparian species at
higher trophic levels through the removal of prey adapted to life
in aquatic habitats under specific flow conditions, which may
lead to a breakdown in energy fluxes, removal of trophic
pathways and compromised food web resilience[7–9,22–25].
Variability in high flows causes large fluctuations in water
velocity and depth, which can determine the availability of
foraging habitats[20] and influence foraging efficiency and net
energy gain[31]. We found clear positive quadratic associations
between the distribution of some species and measures of high
flow variability and high flow frequency, suggesting that some
species require a range of variability around high flows.
Intermediate measures of high flow may provide optimal
foraging habitat for some riparian fauna whereas floods may
decrease prey abundance and shift prey composition[18,19],
perhaps resulting in increased consumer competition or
broadening of foraging niches, while exceptionally large or
prolonged extreme flow events may lead to marked increases
in adult and juvenile mortality for the most sedentary of
species[18].
Fluctuation of low flows increases heterogeneity in the
spatial and temporal extent of river marginal habitat[1,2]. We
found clear positive associations between the occurrence of
some species that forage predominantly at river margins and
measures of low flow variability. This suggests low flow
variability positively influences the availability or prevalence of
foraging habitats for these riparian consumer species.
However, species that forage or breed within macrophytes in-
stream or at river margins preferred stability around low flows,
Table 1. Description of five hydrological indices used as predictors of the presence or absence of river bird species in Great
Britain.
Predictor Range Description
High flow variability   
Three Day Maximum (m3) 1.549 - 83.607
Average annual 3-day maximum divided by median annual discharge. A measure of annual variability around high flows and
the deviation of high flows from the median. High values imply greater variability in the magnitude of high flows and water
depth while low values imply stability in high flows
Low flow variability   
Three Day Minimum (m3) 0.009 - 0.645
Average annual 3-day minimum divided by median annual discharge. A measure of annual variability around low flows and the
deviation of low flows from the median. High values imply greater stability in the magnitude of low flows and water depth while
low values imply variability in low flows
Frequency   
High Flow Frequency 0 – 124 Number of high flow days per year above three times the median. A measure of the number of extreme high flow days on ariver during the UK hydrological year (October- September)
Timing   
April Flow Variation (m3) 0.011 - 73.657 Standard deviation of April discharge. A measure of flow variability during birds’ breeding seasons. High values imply greaterflow variability while low values imply stability in flows during birds’ breeding seasons
Magnitude   
Mean Daily Flow (m3) 0.223 - 117.812 Mean value of daily discharge divided by median of daily discharge. A measure of flow magnitude providing an estimate ofriver size
doi: 10.1371/journal.pone.0083221.t001
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perhaps because substrates remain undisturbed promoting
greater diversity and growth of these plants[32].
Changes in the timing of flows may be attributed to climate
change[12]. Riparian species can be adversely affected by
increased flow variability during sensitive periods of their
annual cycles such as during breeding, resulting in
reproductive failure[23,33], increased dispersal[34] or
increased adult mortality[18]. We found the occurrence of
bank-nesting species (i.e. common kingfisher, sand martin)
was sensitive to flow timing. Bank-nesting species may be
particularly vulnerable to flow variability during breeding
seasons as nest sites on marginal habitats are prone to
inundation (e.g.[34]). Both species nest in exposed river
sediment banks that are formed during scouring high flows,
suggesting annual variability in high flows across seasons is
required for the creation of breeding habitat. The greater
tolerance of breeding season flow variability exhibited by the
common kingfisher models may reflect a propensity for this
solitary bank-nester to nest more frequently on tributaries,
where it is buffered from the impact of the highest flows on the
main channel. As such, the vulnerability of riparian species to
flow variability during sensitive periods of their annual cycle
may be determined by a combination of the sensitivity and
plasticity of intrinsic behavioral traits, such as nest site
selection [35].
River systems are vulnerable to climate change and current
hydrological simulations in regional climate models for the UK
predict that by 2050 river flows will have changed considerably,
with models broadly predicting decreases in summer flows and
increases in winter flows[36]. Our results indicate that future
ecological consequences of changes in river flow are not
restricted to aquatic communities but may have profound
effects on other riparian biota such as birds. It is well
established that climate change may increase the extinction
risk and strongly influence the phenology and dynamics of bird
populations[37,38]. Climate models can be used to predict
future changes in bird species’ ranges based on air
temperature shifts; however, such models for bird species’
distribution do not take into consideration river flow
variability[39] and rarely even account for changes in habitat.
Our findings have implications for climate change impact
models as they emphasise the need to include the effects of
hydrological change on riparian biota, as well as the value of
using long-term, spatially-extensive datasets to understand
flow variability, including the importance of extreme events.
Table 2. Selection probabilities (Sps) of five hydrological indices for 17 river bird species in Great Britain.
Species
Three Day
Maximum
Three Day
Minimum
High Flow
Frequency
April Flow
Variation
Mean Daily
Flow Null
Models <
∆AIC 2 K AUC
Common kingfisher Alcedo atthis 0.535(±) 0.402 0.391 0.998(+) 0.312 0.345-0.382 7 0.261 0.738
Common merganser Mergus
merganser 0.533(±) 0.318 0.467(±) 0.858(+) 0.415 0.272-0.341 9 0.499 0.910
Common moorhen Gallinula chloropus 0.285 0.999(+) 0.295 0.377 0.915(-) 0.393-0.426 4 0.591 0.890
Common reed bunting Emberiza
schoeniclus 0.669(-) 0.303 0.731(-) 0.860(+) 0.819(+) 0.342-0.405 4 0.507 0.875
Common sandpiper Actitis hypoleucos 0.995(±) 0.439 0.982(±) 0.999(±) 0.360 0.499-0.500 4 0.891 0.994
Eurasian coot Fulica atra 0.369 0.945(+) 0.718(-) 0.361 0.469 0.378-0.427 6 0.582 0.904
Eurasian oystercatcher Haematopus
ostralegus 0.491 0.932(-) 0.999(-) 0.019 0.992(-) 0.366-0.429 2 0.963 0.998
Eurasian reed warbler Acrocephalus
scirpaceus 0.289 0.625(+) 0.180 0.453 0.423 0.379-0.454 7 0.496 0.916
Great cormorant Phalacrocorax carbo 0.693(+) 0.949(+) 0.285 0.999(+) 0.546(-) 0.366-0.432 4 0.377 0.822
Great crested grebe Podiceps cristatus 0.295 0.330 0.307 0.999(±) 0.360 0.337-0.429 5 0.533 0.945
Grey heron Ardea cinerea 0.299 0.997(+) 0.378 0.440 0.410 0.334-0.382 7 0.162 0.694
Grey wagtail Motacilla cinerea 0.568(+) 0.408 0.800(±) 0.354 0.652(+) 0.385-0.441 10 0.488 0.838
Mute swan Cygnus olor 0.286 0.999(+) 0.551(-) 0.999(±) 0.327 0.331-0.430 5 0.617 0.918
Northern lapwing Vanellus vanellus 0.319 0.989(-) 0.347 0.303 0.828(-) 0.372-0.443 3 0.581 0.901
Sand martin Riparia riparia 0.341 0.320 0.386 0.999(±) 0.353 0.336-0.412 5 0.526 0.891
Western yellow wagtail Motacilla flava 0.549(-) 0.801(+) 0.960(-) 0.385 0.706(-) 0.330-0.429 5 0.213 0.877
White-throated dipper Cinclus cinclus 0.947(+) 0.620(-) 0.967(±) 0.596(±) 0.999(-) 0.425-0.465 3 0.868 0.986
Sps were calculated by summing Akaike weights (AICwi) of all model permutations containing each predictor. Parameters included in a greater proportion of the best-
supported models have larger Sps, considerably above the null predictor, thereby demonstrating strong support for their inclusion in the best approximating model. The
inclusion of parameters with lower Sps is less important for obtaining good model fit. The null interval was calculated from simulations of 100 randomly generated predictors,
summing AICwis of all models containing each null predictor and then using the highest 10 values to calculate 95% confidence intervals. For high Sps, (+) indicates a
positive relationship, (-) a negative relationship and (±) a quadratic relationship (see figures 2-3 for graphical representation). The number of models with Akaike Information
Criteria (AICs) within two of the best fitting model is also given to provide an estimate of uncertainty around specification of the best approximating model. The average K
and AUC for this reduced model set are provided as measures of model performance. n=574 survey years from 71 WBBS locations.
doi: 10.1371/journal.pone.0083221.t002
Avian Responses to River Hydrology
PLOS ONE | www.plosone.org 5 December 2013 | Volume 8 | Issue 12 | e83221
Figure 2.  Examples of non-linear relationships from models between species’ P(x) and three measures of hydrological
variability.  Legend: High Flow Frequency (red), a measure of the number of extreme high flow days; Three Day Minimum (green),
a measure of low flow variability and the deviation of low flows from the median; and April Flow Variation (blue), a measure of flow
variability during the species’ breeding seasons. Dashed lines give the probability curve from a GAM with a cubic regression spline
and two degrees of freedom. Shaded regions represent 95% confidence limit for the spline fit.
doi: 10.1371/journal.pone.0083221.g002
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Incorporating flow variables into such models has the
potential to improve future projections beyond those based on
climate alone as they may identify areas that will become
unsuitable owing to non-climatic factors and prevent over-
prediction of climate change impacts[40]. Moreover, the
incorporation of flow parameters into models to describe
climate-driven changes in species’ habitat represents a more
biologically realistic approach because they include small-scale
habitat attributes overlooked by coarse large-scale climate
models[41]. Interpreting the future distributions of river birds
requires new research to assess the ecological consequences
of climate and hydrological extremes on aquatic and riparian
ecosystems. More fundamentally, conservation assessments
are reliant on longitudinal long-term surveys, which facilitate
the detection and monitoring of temporal and spatial patterns in
river bird populations.
The success in relating hydrological indices to the
distributions of river birds in this study demonstrates that
variability in river flow regime has consequences for the
distribution of riparian species and ecological structure at high
trophic levels in aquatic-riparian food networks. By using
national-level, long-term datasets, we were able to identify
spatial and temporal patterns in species’ relationships with the
hydrological indices. Species’ occurrence changed with
variability in both high and low flows, including the frequency of
extreme flow events, as well as with variability in both the
timings and magnitude of flows. These relationships were
complex but could be explained by ecological traits that
characterise species within aquatic-riparian ecosystems. This
paper represents an important contribution in helping to
understand how bird communities might respond to a climate
change-induced shift in river flow and also highlights a potential
vulnerability of species to an increase in the intensity of floods
and droughts. We believe that our approach will not only
generate new insights as reported here but also establish
foundations for further work on modelling of the impact of river
flow variability on both avian and non-avian water-dependent
taxa.
Materials and Methods
WBBS bird data between 1998 and 2010 inclusive were
used, although data from year 2001 were excluded from
analyses as a very small proportion of locations was surveyed
due to the foot-and-mouth outbreak; this required large-scale
quarantine measures to limit the spread of disease and thereby
restricted access to the countryside. Each survey location was
surveyed during at least three years during the survey period
and at least once since 2008. Each location comprised a single
stretch of river averaging 3 km in length (range of 0.5 to 5 km)
at least partly overlapping a focal randomly selected 2 × 2 km
tetrad. BTO WBBS guidelines state that permission to access
field sites is gained from relevant landowners prior to the
commencement of studies. WBBS surveyors record all bird
species but the number of species used in the analysis was
constrained by their occurrence across the sample sites as, to
reduce model instability, we only analysed species for which
records comprised no less than 10% of the response values;
Figure 3.  Example response surfaces showing the relationship between species’ P(x) and two hydrological
indices.  Legend: Surface plots showing the interactive effects of two hydrological indices on species’ P(x), where lighter areas of
shading illustrate a stronger influence on P(x). When considered independently, the indices have limited effects on P(x) compared to
the combined effect of both indices.
doi: 10.1371/journal.pone.0083221.g003
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the least prevalent species was the western yellow wagtail
which occurred in 10.3% of site-year combinations (mean
prevalence of all species used was 37.7%). Individual years at
each site were treated separately, totalling 574 separate site
year combinations. Presence/absence data per stretch of river
were extracted for each year separately. Mean daily river
discharges were used from gauging stations within 10 km of
each WBBS sample location. We did not analyse paired data
where a major tributary inflow occurred between the gauging
station and survey location. For gauging stations with < 10%
missing values for any one year, we interpolated data gaps
using long-term mean daily flows[42]. Gauging stations with ≥
10% missing values were excluded from the analysis. The
hydrological year in the UK runs from October to
September[43] and bird data were paired with hydrological data
from the associated hydrological year (e.g. bird data from
spring 2010 were paired with hydrological indices calculated
from daily flow data between 1st October 2009 and 30th
September 2010). Thus, hydrological variability was measured
before, during and after the birds’ breeding seasons.
As there is concern that considerable multi-collinearity exists
amongst many widely used hydrological indices[44,45], we
considered our model parameters a priori, whilst ensuring that
each one was statistically independent, by producing multi-
panel scatterplots[46], and had Variance Inflation Factor (VIF)
scores below two[47]. We produced separate binomial GAMs,
specifying a logarithmic link function, for all 17 species to
quantify the relationship between the hydrological indices and
species’ P(x). GAMs are a particularly useful regression
method for species’ distribution modelling[48] as they do not
force a parametric relationship between the response and
predictor, and smoothers can be used to model complex non-
linear relationships that are frequently observed in ecology.
Where non-linear relationships were observed, a cubic
smoothing spline was fitted to the predictor, with a fixed degree
of smoothing (two degrees of freedom) so as to capture the
trends in the data with the least number of degrees of freedom
whilst preventing over-fitting[49]. GAMs were fitted using
version 1.7-24 of the mgcv package for R[49]. Our response
variable was defined as the presence or absence (i.e. non-
detection) of a species during the survey in any one year, as
specified by WBBS methodology (i.e. two visits per breeding
season). To account for correlation between survey years and
variation in the geographic coverage of WBBS sites, a three-
way interaction between year, latitude and longitude was
included as a fixed effect in all models. This approach controls
for: (i) similarities in the response variable at nearby points by
fitting a smooth two-dimensional surface to these data and (ii)
unmeasured variables that may affect the response by fitting to
response peaks and troughs, thereby fitting spatial
autocorrelation in the dataset by optimising the degrees of
freedom[50]. Additionally, the inverse of the number of
transects completed at each location was included as an offset
to account for variation in survey effort and corresponding
probability of species’ detection.
We utilised the Information-Theoretic (IT) model averaging
approach for data analysis[28] as it corrects for potential model
selection bias and error associated with parameter estimation
and presents the results in the context of strength of
evidence[28,51,52]. A model was produced for every
permutation of predictors, resulting in 31 models per species,
and the fit of each model was assessed using the Akaike
Information Criterion (AIC). Akaike weights (AICwis) were
calculated for all models as follows:
ωi=
exp − 12 ΔAICi
∑r=1n exp − 12 ΔAICr
where wi is the probability that model i would again be
selected as the model of best fit if the data were collected
again under the same circumstances[28]. For all models wi
sums to 1, and Sps for each predictor were calculated by
summing wis for every model containing each predictor. Poor
predictors do not always have Sps close to zero so we
provided an approximate, yet conservative, wi interval against
which the importance of predictors was evaluated[53]. One
hundred randomly generated predictors with a distribution
between zero and one were produced and every model was
run in turn with each of these. Sps were calculated for each null
predictor and a 95% confidence null interval computed. Rather
than use the Sps from all null predictors to produce the null
interval (e.g. 53), we used just the 10 largest values as this
produced a more conservative and robust interval against
which Sps for the hydrological parameters could be compared.
Only strong predictors of species’ occurrence should have Sps
larger than this null interval.
Acknowledgements
We thank the BTO for access to WBBS datasets as well as
Mark Hulme and John Marchant for preparing raw data and
Dave Leech for consultation on research design. We are
grateful to the numerous volunteers who collected WBBS data
during surveys between 1998 and 2010, with funding for the
survey provided by the Environment Agency and the BTO.
National River Flow Archive data were provided by the Centre
for Ecology & Hydrology.
Author Contributions
Conceived and designed the experiments: AR DMH SJR DGN
JPS. Performed the experiments: AR. Analyzed the data: AR.
Wrote the manuscript: AR DMH SJR DGN JPS.
Avian Responses to River Hydrology
PLOS ONE | www.plosone.org 8 December 2013 | Volume 8 | Issue 12 | e83221
References
1. Poff NLR, Allan JD, Bain MB, Karr JR, Prestegaard KL et al. (1997)
The natural flow regime. BioScience: 769-784.
2. Junk WJ, Bayley PB, Sparks RE (1989) The flood pulse concept in
river-floodplain systems. Can J Fish Aquat Sci 106: 110-127.
3. Lambeets K, Vandegehuchte ML, Maelfait J-P, Bonte D (2008)
Understanding the impact of flooding on trait-displacements and shifts
in assemblage structure of predatory arthropods on river banks. J Appl
Ecol 77: 1162-1174. doi:10.1111/j.1365-2656.2008.01443.x. PubMed:
18637973.
4. Lambeets K, Vandegehuchte ML, Maelfait J-P, Bonte D (2009)
Integrating environmental conditions and functional life-history traits for
riparian arthropod conservation planning. Biol Conserv 142: 625-637.
doi:10.1016/j.biocon.2008.11.015.
5. Palmer MA, Arensburger P, Martin AP, Denman DW (1996)
Disturbance and patch-specific responses: the interactive effects of
woody debris and floods on lotic invertebrates. Oecologia 105:
247-257.
6. Palmer MA, Lettenmaier DP, Poff NL, Postel SL, Richter B et al. (2009)
Climate Change and River Ecosystems: Protection and Adaptation.
Options - Environ Manage 44: 1053-1068. doi:10.1007/
s00267-009-9329-1.
7. Ledger ME, Brown LE, Edwards FK, Milner AM, Woodward G (2013)
Drought alters the structure and functioning of complex food webs.
Nature - Clim Change 3: 223-227.
8. Woodward G, Brown LE, Edwards FK, Hudson LN, Milner AM et al.
(2012) Climate change impacts in multispecies systems: drought alters
food web size structure in a field experiment. Philos T R Soc B 367:
2990-2997. doi:10.1098/rstb.2012.0245.
9. Woodward G, Benstead JP, Beveridge OS, Blanchard J, Brey T et al.
(2010) Ecological Networks in a Changing Climate. In: G Woodward.
Advances in Ecological Research: Ecological Networks, Vol 42. pp.
71-138.
10. Durack PJ, Wijffels SE, Matear RJ (2012) Ocean salinities reveal
strong global water cycle intensification during 1950 to 2000. Science
336: 455-458. doi:10.1126/science.1212222. PubMed: 22539717.
11. Min S-K, Zhang X, Zwiers FW, Hegerl GC (2011) Human contribution
to more-intense precipitation extremes. Nature 470: 378-381. doi:
10.1038/nature09763. PubMed: 21331039.
12. Pall P, Aina T, Stone DA, Stott PA, Nozawa T et al. (2011)
Anthropogenic greenhouse gas contribution to flood risk in England and
Wales in autumn 2000. Nature 470: 382-385. doi:10.1038/nature09762.
PubMed: 21331040.
13. Daufresne M, Lengfellner K, Sommer U (2009) Global warming benefits
the small in aquatic ecosystems. Proc Natl Acad Sci U S A 106:
12788-12793. doi:10.1073/pnas.0902080106. PubMed: 19620720.
14. O'Callaghan MJ, Hannah DM, Boomer I, Williams M, Sadler JP (2013)
Responses to River Inundation Pressures Control Prey Selection of
Riparian Beetles. PLOS ONE 8: e61866. doi:10.1371/journal.pone.
0061866. PubMed: 23613958.
15. Bates AJ, Sadler JP, Fowles AP (2006) Condition-dependent dispersal
of a patchily distributed riparian ground beetle in response to
disturbance. Oecologia 150: 50-60. doi:10.1007/s00442-006-0508-y.
PubMed: 16906428.
16. Henshall SE, Sadler JP, Hannah DM, Bates AJ (2011) The role of
microhabitat and food availability in determining riparian invertebrate
distributions on gravel bars: a habitat manipulation experiment.
Ecohydrology 4: 512-519. doi:10.1002/eco.188.
17. Vaughan IP, Noble DG, Ormerod SJ (2007) Combining surveys of river
habitats and river birds to appraise riverine hydromorphology. Freshw
Biol 52: 2270-2284. doi:10.1111/j.1365-2427.2007.01837.x.
18. Chiu MC, Kuo MH, Hong SY, Sun YH (2013) Impact of extreme
flooding on the annual survival of a riparian predator, the Brown Dipper
Cinclus pallasii. Ibis 155: 377-383. doi:10.1111/ibi.12035.
19. Chiu M-C, Kuo M-H, Sun Y-H, Hong S-Y, Kuo H-C (2008) Effects of
flooding on avian top-predators and their invertebrate prey in a
monsoonal Taiwan stream. Freshw Biol 53: 1335-1344. doi:10.1111/j.
1365-2427.2008.01968.x.
20. Cumming GS, Paxton M, King J, Beuster H (2012) Foraging guild
membership explains variation in waterbird responses to the
hydrological regime of an arid-region flood-pulse river in Namibia.
Freshw Biol 57: 1202-1213. doi:10.1111/j.1365-2427.2012.02789.x.
21. Arthur AD, Reid JRW, Kingsford RT, McGinness HM, Ward KA et al.
(2012) Breeding Flow Thresholds of Colonial Breeding Waterbirds in
the Murray-Darling Basin, Australia. Wetlands 32: 257-265. doi:
10.1007/s13157-011-0235-y.
22. Jonsson M, Strasevicius D, Malmqvist B (2012) Influences of river
regulation and environmental variables on upland bird assemblage in
northern Sweden. Ecol Res 27: 945-954. doi:10.1007/
s11284-012-0974-0.
23. Strasevicius D, Jonsson M, Nyholm NEI, Malmqvist B (2013) Reduced
breeding success of pied flycatchers Ficedula hypoleuca along
regulated rivers. Ibis 155: 348-356. doi:10.1111/ibi.12024.
24. Jonsson M, Deleu P, Malmqvist B (2013) Persisting effects of river
regulation on emergent aquatic insects and terrestrial invertebrates in
upland forests. River Res Appl 29: 537-547. doi:10.1002/rra.2559.
25. Nakano S, Murakami M (2001) Reciprocal subsidies: dynamic
interdependence between terrestrial and aquatic food webs. Proc Natl
Acad Sci U S A 98: 166-170. doi:10.1073/pnas.98.1.166. PubMed:
11136253.
26. Murakami M, Nakano S (2001) Species-specific foraging behaviour of
birds in a riparian forest. Ecol Res 16: 913-923. doi:10.1046/j.
1440-1703.2001.00448.x.
27. Smith KG (1982) Drought-induced changes in avian community
structure along a montane sere. Ecology 63: 952-961. doi:
10.2307/1937235.
28. Burnham KP, Anderson DR (2002) Model selection and multi-model
inference: a practical information-theoretic approach. New York:
Springer.
29. Swets JA (1988) Measuring the accuracy of diagnostic systems.
Science 240: 1285-1293. doi:10.1126/science.3287615. PubMed:
3287615.
30. Landis JR, Koch GG (1977) Measurement of observer agreement for
categorical data. Biometrics 33: 159-174. doi:10.2307/2529310.
PubMed: 843571.
31. Taylor AJ, O'Halloran J (2001) Diet of Dippers Cinclus cinclus during an
early winter spate and the possible implications for Dipper populations
subjected to climate change. Bird Study 48: 173-179. doi:
10.1080/00063650109461215.
32. Bunn SE, Arthington AH (2002) Basic principles and ecological
consequences of altered flow regimes for aquatic biodiversity. Environ
Manage 30: 492-507. doi:10.1007/s00267-002-2737-0. PubMed:
12481916.
33. Wilson J, Peach W (2006) Impact of an exceptional winter flood on the
population dynamics of bearded tits (Panurus biarmicus). Anim
Conserv 9: 463-473. doi:10.1111/j.1469-1795.2006.00063.x.
34. Roche EA, Gratto-Trevor CL, Goossen JP, White CL (2012) Flooding
affects dispersal decisions in piping plovers (Charadrius melodus) in
prairie canada. Auk 129: 296-306. doi:10.1525/auk.2012.11196.
35. Williams SE, Shoo LP, Isaac JL, Hoffmann AA, Langham G (2008)
Towards an Integrated Framework for Assessing the Vulnerability of
Species to Climate. Change - PLOS Biology 6: 2621-2626.
36. Prudhomme C, Young A, Watts G, Haxton T, Crooks S et al. (2012)
The drying up of Britain? A national estimate of changes in seasonal
river flows from 11 Regional Climate Model simulations. Hydrol Process
26: 1115-1118. doi:10.1002/hyp.8434.
37. Jenouvrier S (2013) Impacts of climate change on avian populations.
Glob Chang Biol 19: 2036-2057. doi:10.1111/gcb.12195. PubMed:
23505016.
38. Warren R, vanderWal J, Price J, Welbergen JA, Atkinson I et al. (2013)
Quantifying the benefit of early climate change mitigation in avoiding
biodiversity loss. Nat - Clim Change 3: 678-682. doi:10.1038/
nclimate1887.
39. Huntley B, Green RE, Collingham YC, Willis SG (2007) A climatic atlas
of European breeding birds. Barcelona: Lynx Edicions.
40. Brook BW, Akçakaya HR, Keith DA, Mace GM, Pearson RG et al.
(2009) Integrating bioclimate with population models to improve
forecasts of species extinctions under climate change. Biol Lett 5:
723-725. doi:10.1098/rsbl.2009.0480. PubMed: 19625300.
41. Bellard C, Bertelsmeier C, Leadley P, Thuiller W, Courchamp F (2012)
Impacts of climate change on the future of biodiversity. Ecol Lett 15:
365-377. doi:10.1111/j.1461-0248.2011.01736.x. PubMed: 22257223.
42. Monk WA, Wood PJ, Hannah DM, Wilson DA (2008) Macroinvertebrate
community response to inter-annual and regional river flow regime
dynamics. River Res Appl 24: 988-1001. doi:10.1002/rra.1120.
43. Bower D, Hannah DM, McGregor GR (2004) Techniques for assessing
the climatic sensitivity of river flow regimes. Hydrol Process 18:
2515-2543. doi:10.1002/hyp.1479.
44. Monk WA, Wood PJ, Hannah DM, Wilson DA (2007) Selection of river
flow indices for the assessment of hydroecological change. River Ress
Appl 23: 113-122. doi:10.1002/rra.964.
45. Olden JD, Poff NL (2003) Redundancy and the choice of hydrologic
indices for characterizing streamflow regimes. River Ress Appl 19:
101-121. doi:10.1002/rra.700.
Avian Responses to River Hydrology
PLOS ONE | www.plosone.org 9 December 2013 | Volume 8 | Issue 12 | e83221
46. Zuur AF, Ieno EN, Elphick CS (2010) A protocol for data exploration to
avoid common statistical problems. Methods Ecol Evol 1: 3-14. doi:
10.1111/j.2041-210X.2009.00001.x.
47. Graham MH (2003) Confronting multicollinearity in ecological multiple
regression. Ecology 84: 2809-2815. doi:10.1890/02-3114.
48. Austin M (2002) Spatial prediction of species distribution: an interface
between ecological theory and statistical modelling. Ecol Modelling
157: 101-118. doi:10.1016/S0304-3800(02)00205-3.
49. Wood S (2006) Generalized additive models: an introduction with R
London. Chapman & Hall/CRC.
50. Davey CM, Chamberlain DE, Newson SE, Noble DG, Johnston A
(2012) Rise of the generalists: evidence for climate driven
homogenization in avian communities. Global Ecol Biogeogr 21:
568-578. doi:10.1111/j.1466-8238.2011.00693.x.
51. Stephens PA, Buskirk SW, Hayward GD, Del Rio CM (2005)
Information theory and hypothesis testing: a call for pluralism. J Appl
Ecol 42: 4-12. doi:10.1111/j.1365-2664.2005.01002.x.
52. Burnham KP, Anderson DR (2004) Multimodel inference -
understanding AIC and BIC in model selection. Sociol Methods Res 33:
261-304. doi:10.1177/0049124104268644.
53. Whittingham MJ, Swetnam RD, Wilson JD, Chamberlain DE,
Freckleton RP (2005) Habitat selection by yellowhammers Emberiza
citrinella on lowland farmland at two spatial scales: implications for
conservation management. J Appl Ecol 42: 270-280. doi:10.1111/j.
1365-2664.2005.01007.x.
54. Bower D, Hannah DM, McGregor GR (2004) Techniques for assessing
the climatic sensitivity of river flow regimes. Hydro Process 18:
2515-2543. doi:10.1002/hyp.1479.
Avian Responses to River Hydrology
PLOS ONE | www.plosone.org 10 December 2013 | Volume 8 | Issue 12 | e83221
